In MIMO systems the antenna array configuration in the BS and MS has a large influence on the available channel capacity. In this paper, we first introduce a new Frequency Selective (FS) MIMO framework for macro-cells in a realistic urban environment. The MIMO channel is built over a previously developed directional channel model, which considers the terrain and clutter information in the cluster, line-of-sight and link loss calculations. Next, MIMO configuration characteristics are investigated in order to maximize capacity, mainly the number of antennas, inter-antenna spacing and SNR impact. Channel and capacity simulation results are presented for the city of Lisbon, Portugal, using different antenna configurations. Two power allocations schemes are considered, uniform distribution and FS spatial water-filling. The results suggest optimized MIMO configurations, considering the antenna array size limitations, specially at the MS side.
Introduction
In recent years, a lot of attention has been drawn to antenna systems with multiple elements at the Transmitter (TX) and Receiver (RX), called Multiple Input Multiple Output (MIMO) systems. The main reason is that they can achieve high spectral efficiencies [1, 2] . This is particularly significant for wireless systems that are power and bandwidth limited.
The capacity advantage of MIMO channels lays in the decomposition of the channel into several spatial sub-channels, each one with different gain. The offered capacity depends directly on the sub-channel power distribution, MIMO configuration (antenna array characteristics), Signal-to-Noise-Ratio (SNR), and of course, the radio channel.
If the radio channel is unknown at the TX, uniform power allocation between the antenna elements is optimal in the capacity sense, and significant capacity gain is achieved compared with Single Input Single Output (SISO) systems. However, if the channel is known at both the RX and the TX, the channel capacity can be further increased by allocating the power in a more efficient manner, the optimum power allocation following the Shannon's principle of water-filling [3] .
In this paper we propose to apply the water-filling concept in a Frequency Selective (FS) MIMO framework for macro-cells, in a realistic urban environment. The MIMO channel is built over a previously developed Directional Channel Model (DCM), which considers the terrain and clutter information in the cluster and link loss calculations [4] .
The MIMO configuration characteristics are studied in order to maximize capacity, mainly the number of antennas, inter-antenna spacing and SNR dependency. The analysis is performed by investigating the distribution of the spatial/frequency eigenvalues, TX power and spectral efficiency (capacity) distributions. Uniform power allocation and spatial water-filling are implemented and compared.
Guidelines are suggested to the better MIMO configurations, in order to assure the integration of the Base Station (BS) and Mobile Station (MS) antenna systems on limited size areas. Even if the major size limitations are on the MS side, when trying to put the antennas in a small console, the real implementation of macro-cell BS antenna systems still suffers size constraints. Most of the pressure comes from the infrastructure owners where the BSs are installed, which most of the times disregard engineering recommendations in favor of aesthetics.
The paper is organized as follows. A description of antenna system, Radio Environment (RE) and mobility dependent MIMO channel model is given in Sect. 2, followed by the FS MIMO eigen and capacity review in Sects. 3 and 4, respectively. Section 5 presents the model implementation over the Lisbon urban environment. The impact of MIMO configuration and MIMO SNR is evaluated in Sects. 6 and 7, respectively. Finally, the conclusions are presented in Sect. 8.
The MIMO Channel Model
The MIMO concept is defined, throughout this paper, as a radio link with R antennas at the BS and S antennas at the MS, as pictured in Fig. 1 . For the downlink, the TX and RX antennas are at the BS and MS respectively, while for uplink, the roles are reversed.
The received signal vector y ( f ) at the MS antenna array is denoted by,
where y s ( f ) is the signal at the sth antenna element, [. . .] T denotes the transpose operation and f is the carrier frequency. Similarly, the transmitted signals at the BS, x r ( f ), define the vector x ( f ),
